The accuracy of a flight simulation is highly dependent on the quality of the aerodynamic database and prediction accuracies of the aerodynamic coefficients and derivatives. A surrogate model is an approximation method that is used to predict unknown functions based on the sampling data obtained by the design of experiments. This model can also be used to predict aerodynamic coefficients/derivatives using several measured points. The objective of this paper is to develop an efficient digital flight simulation by solving the equation of motion to predict the aerodynamics data using a surrogate model. Accordingly, there is a need to construct and investigate aerodynamic databases and compare the accuracy of the surrogate model with the exact solution, and hence solve the equation of motion for the flight simulation analysis. In this study, sample datas for models are acquired from the USAF Stability and Control DATCOM, and a database is constructed for two input variables (the angle of attack and Mach number), along with two derivatives of the X-force axis and three derivatives for the Z-force axis and pitching moment. Furthermore, a comparison of the value predicted by the Kriging model and the exact solution shows that its flight analysis prediction ability makes it possible to use the surrogate model in future analyses.
Introduction


To predict the value of an unknown point, several types of surrogate models have been widely used in the engineering field, such as the Kriging model. In engineering design, high fidelity flight simulation is desirable for an unconventional airplane design such as a BWB (blended wing body), as well as for simulating a hazard, such as an emergency engine stop condition. However, the prediction of high fidelity aerodynamics requires a time-consuming flow solver. Many researchers have focused on predicting aerodynamic force and moment derivatives by using CFD (computational fluid dynamics) [1, 2] .
Therefore, a prediction method is required when a function has to be evaluated via a time-consuming solver. Jeong et al. [3] showed that a surrogate model is suitable for efficient design optimization. Donald et al. [4] applied a Kriging-based genetic algorithm to aircraft design to reduce time-consuming aerodynamic evaluations. In addition, Shahrokhi et al. [5] successfully implemented a neural network method to evaluate the aerodynamics while considering the computation cost.
This paper focuses on the construction of a database of aerodynamic force derivatives and coefficients for efficient high fidelity flight simulation. The SDM (standard dynamics model), which has been used for various studies involving wind tunnel testing [6] [7] [8] [9] , is a simplified F-16 model with an engine intake, a strake, a delta wing, and vertical and horizontal tails and stabilizers [10] . The aerodynamic coefficients and derivatives are evaluated using the USAF Stability and Control DATCOM. DATCOM estimates the aerodynamic derivatives based on geometric details and flight conditions [1] . This paper is organized as follows: Section 2 presents an overview of the surrogate models, which are described using the general formulation of Kriging; Section 3 describes the equation of motion used for solving flight simulation problems based on the aerodynamic coefficients and derivatives predicted by the surrogate model; Section 4 gives the computational conditions used in the present study; Section 5 shows the results of the surrogate model, including the error estimation along with the characteristics of longitudinal motion; and the conclusions are explained in Section 6.
Surrogate Models
Surrogate models are methods that are used to approximate functions based on various sample points. In the following subsections, the details of each surrogate model considered here are described.
Kriging Model
The Kriging model expresses the value, at an unknown design point using Eq. (1) [11] [12] [13] :
where, m is the number of design variables, µ is the constant global model and ε is the local deviation from the global model. Using this model, the local deviation at an unknown point is expressed using stochastic processes, and some design points are calculated using the Gaussian random function as a correlation function to estimate the trend of the stochastic process.
Let be an approximation model, where ̂ is the estimator. Thus, the Kriging approximation model can be described as follows: (2) where, is the estimated value of β, R -1 is the inverse of the correlation matrix R, r is the correlation vector, y represents the observed data with n s sample data points, and i is a unit vector which has n s components. The correlation matrix is defined as follows:
where, n is the number of design variables, and is the i-th parameter corresponding to the i-th design variable. The correlation vector is represented as follows:
The likelihood function, L, is defined as follows:
By determining the partial derivatives of the logarithm of the likelihood function defined in Eq. (5) with respect to and , and letting them be equal to zero, the maximum likelihood estimators of and are determined as follows:
Equation of Motion for Flight Simulation
Simulation Target
In this paper, the SDM is considered as an example [7] [8] [9] [10] . The dimension of SDM is illustrated in Fig. 1 
Aerodynamic Evaluation
Generally, the aerodynamic coefficients and derivatives are evaluated for this model using the linear theory and semi-empirical expressions from the USAF Stability and Control DATCOM [1] . This makes it possible to evaluate the aerodynamic performance based on the empirical model. In this study, the angle of attack and Mach numbers are changed from 0° to 30° and 0.6 to 1.4, respectively. 
Equation of Motion for Flight Motion
Equations for Longitudinal Motion
In this paper, the present flight simulation is applied to the longitudinal motion. The X-and Z-force derivatives and pitching moment derivatives are involved in the calculation of the longitudinal motion. The general second-order differential equation for the flight simulation is expressed as Eq. (8): (8) where, m is the mass of the aircraft, c is the damping coefficient, and k is the spring constant. F(t) is the force of the moment. In this study, the forcing function is assumed to be the free motion. Let us assume x = Ae t and free motion (F(t) = 0). Then, Eq.
(9) can be written as follows:
Here,  represents the eigenvalues in Eq. (9) 
In this study, the target condition for the stable mode of longitudinal motion can be estimated using the real and imaginary roots of , as shown in Fig. 2 .
The damping can be estimated by ζ and 2√ . Here, the term is the damping ratio if 0, c =0 and the mode is an un-damped oscillation. Then, the natural frequency, called the un-damped natural frequency, can be written as
. By substituting the terms for the damping ratio and natural frequency for terms in Eq. (9), the following equation can be expressed [2] :
From Eq. (11), the characteristic roots are expressed as Eq. (12):
In this study, the SDM's center of gravity is moving along a longitudinal and horizontal line at a constant velocity, and the pitching motion is self-excitation.
The governing equation for the pure pitching motion can be written as Eq. (13):
Here, M cg is the pitching moment, I yy is the moment inertia in the y direction, and is the pitch angle time rate. The variables are the angle of attack α, pitch angle , and time rates of change for these variables and . The following equation can be used to evaluate the moment:
Eq. (15) can be expanded in terms of the perturbation variables by means of the Taylor series form:
By aligning the body and fixed coordinate at t = 0, the assumption of change in angle of attack and pitch angles could be identified as equal. Eq. (16) can be replaced by this identified equal with Eq. (15) [2] . Substituting Eq. (16) In the flight simulation analysis, it is better to use a non-dimensional form for the prediction. Using Eq.
(20) with the aerodynamic force, moment and derivative coefficient, the longitudinal motion of the aerodynamic coefficient can be written as Eq. (20): Table 2 for simulation 1, Table 4 for simulation 2, and Table 6 for simulation 3. In general, Fig. 3 shows the procedure for evaluating the flight simulation in this study.
Computational Condition of Present Study
In this study, three simulation cases are considered. Then, the results are compared with the results of a simulation without the Kriging model. LHS (Latin hypercube sampling) is applied to select the sample points. In the first simulation, five samples are used. In the second simulation, 20 samples are used, and in the third simulation, 50 samples are used. 
Results and Discussions
Prediction of Aerodynamic Coefficient/Derivatives by Kriging Model
Comparison between Predicted and Exact Results
To investigate the Kriging model for predictions, a comparison is made between the predicted and exact values (DATCOM) . Figs. 4-6 show example graphs comparing the exact functions and predicted functions using Kriging models constructed with 20 sample points for stability coefficients and , five samples points for , and 50 sample points for , , , and , respectively. In Figs. 4a and 4b, the results of the Kriging function are similar to those of the exact function for the X-force functions.
On the other hand, Fig. 5 shows comparisons for the Z-force functions, , and , respectively. 6 shows comparisons for the pitching moment functions , and , respectively. Different sample points are used in this study to determine the dependency on the number of samples. Generally speaking, a larger number of sample points will result in greater agreement between the predicted function and the exact function in this study.
Trend of Coefficient and Derivatives
In this study, the prediction process is difficult because some coefficients can be fit with linear functions, whereas others are multi-modal data when a large number of sample points are involved. The aerodynamic coefficients and derivatives obtained by using the Kriging model are used in Eq. (22). The predicted function of the Kriging model can be viewed as a contour plot to observe how the trend pattern of the aerodynamic model is affected by the two variables used in this study: the Mach number and angle of attack. Fig. 7a shows an example of axial force coefficient CX for the angle of attack and Mach number, Fig. 7b shows coefficient CZ and Fig. 7c shows the contour for the pitching moment coefficient Cm. All the contours were plotted by choosing the 50 sample points as examples. Fig. 7a , the minimum CX could be obtained at Mach number 1.0 and an angle of attack of 10.0°. On the other hand, Fig. 7b shows the highest CZ. This is a reasonable result because of the Mach number divergence situation. According to Fig. 7c at an angle of attack of 25.0°, the minimum pitching moment coefficient Cm is expected to occur at a Mach number range of 0.88-1.30. The pitching moment coefficient Cm must also have a suitable value to evaluate the damping and frequency [2] .
According to
Application to Longitudinal Motion
In an application to determine the longitudinal motion, Eq. (22) is solved, using the aerodynamic Tables 3, 5 and 7, including the exact solution and Kriging model. The easiest way to examine the flight simulation is based on the determination of the damping ζ and natural frequency w n based on the equation of motion. In addition, others motion parameters are also listed in Tables 8 and 9 , including the time to the half mode t 1/2 , period of the mode, and number of cycles. These characteristics include error if the accuracy of the prediction databases is lower than that of the exact databases. Using these motions, the phugoid (long period) mode and short-period mode are simulated. The error comparison results for the phugoid motion are listed in Table 8 , whereas those for the short period are listed in Table 9 .
In the case of the phugoid mode (Table 8) , simulations 2 and 3 show the closest results for all the characteristic motions. However, only the period and damped frequency show close results for the exact and Kriging model predictions. Thus, the period and damped frequency are considered to be the main criteria for evaluating the performance of the phugoid mode. Simulation 1 also has small values for the period, damping ζ and natural frequency w n . The phugoid mode time series is shown in Fig. 9 . According to Fig. 9 , simulation 3 is very suitable with the largest damping ration and time period. In the flight simulation analysis, the phugoid mode occurs very slowly, which allows the pilot to control and correct the phugoid mode during an extremely dangerous flight if the damping becomes too low. Therefore, to maintain sufficient stability, the design must ensure that the damping ratio is never too low. Thus, simulation 3 has the largest damping ratio compared to the other simulations, as shown in Fig. 9 . The simulation with the largest damping ratio is considered to be the best in this study.
In contrast, for the short-period mode (Table 9) , the results of the characteristic motion for simulations 1, 2 and 3 show good agreement. In predicting the short-period mode, critical judgment is more important than the phugoid mode. If this short-period mode has a high frequency and is heavily damped, the aircraft will respond rapidly [2] . In relation to the characteristic mode, sim. 3 has a small error reading because the values of all the characteristic modes for sims. 1 and 2 are close to those for sim. 3. In relation to the characteristic mode of motion, the time series plot of the short-period mode is shown in Fig. 10 . According to Fig. 10 , sim. 3 has a short-period mode under the condition of an under-damped exponentially decaying motion, just as with the phugoid motion. Because of the small error in sim. 3, it is a reasonable simulation for the prediction of the short-period mode based on aerodynamic coefficients and derivatives, and has good agreement with the exact solution.
The dependency on the number of sample points is investigated. Fig. 8 shows an example of C mq . It is one of the aerodynamic derivatives that are significant when choosing the number of sample points in this study. According to Fig. 8 , the cases with 5 and 50 sample points show little error between the exact and predicted results. For the phugoid mode, C mq is more critical usage than in the short-period mode. For the phugoid mode, the case with five sample points shows less error than those with 20 and 50 sample points (Table 8) , However, because of Eq. (22), the overall results for the phugoid mode shows that 50 sample points produces better results than the other numbers of sample points. It proves that for phugoid more the greater number of sample points, the better the phugoid mode. In contrast, for the short-period mode, C mq , is not the main aerodynamic derivatives to effect the short-period mode, the main derivatives are from X-and Z-force. Thus, the small error between the cases with 5 and 50 sample points does not affect the overall performance of the short-period mode (Eq. (22)). Therefore, the results for the short period still show good agreement among the sample points. An accurate database is important for the prediction process. Moreover, the results of a comparison of sims. 1, 2 and 3 are listed for both the phugoid and short-period modes in Tables 8 and 9 , respectively.
Conclusions
In conclusion, this paper detailed the surrogate model development and construction process from the initial stage using the USAF Stability and Control DATCOM. In addition, accurate databases based on Kriging models showed good agreement in flight simulation prediction through time series plots, with a larger number of sample points producing better approximation results. In addition, the prediction process of longitudinal motion based aerodynamic coefficients and derivatives are begun from an equation of motion. Lastly, the prediction method using the Kriging model was verified in comparison to the exact function. Good agreement was found for short-period motion, with an average error of 0%-3% for the criteria of several characteristic motions. Based on the characteristic motions for the phugoid and short-period modes, sim. 3 was considered to be the best predicted motion based on the predicted aerodynamics coefficients and derivatives. However, for the phugoid mode, the approximation did not show good agreement between the two methods and large errors occurred. In a future study, the use of the established method for lateral motion will be tested.
